The ATP content of soybean (Glycine max [L.] Merr. cv. Kent) axes incubated for 3 bour in 1 mm solutiom of adenine and adenosine increased over 100% and 75%, respectively, over axes incubated in water. The increase in ATP was primarily due to the converion of these purines to nudeotides via the ucdeotide slvage pathway. The ATP formed was in a metabolicafy active pool because label from adenine was incorporated into acid-insoluble material. Adenine also increased the levels of GT?, UTP, and CT?, but not to the extent of the ATP level.
One of the earliest detectable metabolic processes occurring in germinating seeds is the rapid and dramatic increase of ATP (5, 10, 11, 15) . In some cases the increase in ATP is accounted for by a decrease in AMP (10, 11) , while in others (1, 6) , including soybean embryonic axes, there is insufficient AMP to account for all of the ATP that accumulates. Anderson (1) reported that during the first 3 hr in the germination of soybean axes the net increase in adenine nucleotides is partly due to their synthesis from adenosine and adenine (1) . These conversions suggest that adenine phosphoribosyltransferase and adenosine kinase act to increase the adenine nucleotide content of germinating seeds. Both of these enzymes belong to the salvage pathway which converts purine and pyrimidine bases and nucleosides to nucleotides (8) . To determine the extent to which these enzymes are operating during seed germination, axes were incubated in solutions of adenine and adenosine to see if the adenine nucleotide pools would be increased. In animal cells and tissues (3, 9, 12, 14, 16) , exogenously supplied adenosine has been shown to increase the adenine nucleotide pools. Here I report increases in the ATP pool of soybean embryonic axes by adenine and adenosine treatments.
MATERIALS AND METHODS
Embryonic axes without plumules were excised from dry soybean seeds (Glycine max L. cv. Kent) with a razor blade.
The axes were stored in the refrigerator and generally used within a week of excision. Groups of 10 axes were imbibed in 0.5 ml of water containing the various substrates. After imbibition, axes were washed with tap water and then stored in liquid N2 until extracted with 0.25 N HClO4 (1 by co-chromatography with known amounts of standards. The lower limit of detectability was about 100 pmol.
RESULTS
At the end of 3 hr of germination in water, the ATP content of isolated soybean axes was at least 15 times that of dry axes ( Fig. 1) . As the content of ATP increased during the first hr, that of AMP declined to a level not detectable by the assay and ADP content remained fairly constant. The ATP content could be increased further by imbibition of axes in solutions of either adenine or adenosine. By the end of 3 hr of germination, the increases due to adenosine were appreciable but fairly constant regardless of its concentration between 0.1 and 10 mM (Fig. 2) . On the other hand, the effectiveness of adenine, which was not apparent at 0.1 mM, was marked at 1 mm and even more so at 10 mM. Also, the effectiveness of adenine treatment was not confined solely to the first 3 hr of germination. Adding axes to 1 mM adenine solutions after they had first imbibed H20 for 3 or 6 hr increased their ATP content (Fig. 3 ). An increase was apparent even in axes that would have begun to show a decline in ATP content had they remained in H20.
Metabolism of Adenine. Experiments with [14CJadenine showed that increasing the incubation time of axes in adenine increased its uptake and incorporation into ATP and acidinsoluble material (Table I) . Results for 3-hr incubations showed that increasing the concentration of adenine in the incubation mixture 6-and 54-fold increased, respectively, the uptake by about 6-and 35-fold, the incorporation into ATP by about 7-and 34-fold, and the incorporation into acid-insoluble material by about 6-and 24-fold. Thus, the tissue had a great capacity not only to convert supplied adenine into ATP but also to incorporate it into acid-insoluble material, presumably RNA and DNA.
Other Substrates. The increases in ATP content induced by exogenously supplied adenine and adenosine and the related rapid disappearance of endogenous adenine and adenosine reported earlier (1) suggest that the salvage pathway, which utilizes products of nucleic acid hydrolysis, may be important in understood. The radioactivity associated with GTP increased with increasing concentrations of adenine. Thus, adenylates may have been converted to guanylates. Such a possibility could explain the increase in total GTP of the 1.02 mm adenine treated axes (Fig. 5) .
DISCUSSION
The addition of adenine or adenosine to the imbibing media of soybean axes increased their ATP content (Fig. 2) . The axes thus responded similarly to mammalian tissues which give an ATP response to adenosine and adenine (9) . In the plant system, however, adenine was more effective than adenosine. This was partially attributed to the greater uptake of adenine than adenosine (1). The salvage enzymes adenine phosphoribosyltransferase and adenosine kinase, which convert adenine and adenosine to nucleotides, respectively, have been found in soybean axes (1) as well as wheat embryos (13) .
Addition of 1 mm adenine even after the start of imbibition increased ATP content of the axes (Fig. 3) . This probably indicates that de novo purine synthesis is not limited by phosphoribosylpyrophosphate synthesis.
At this period of plant development the increase in ATP by the salvage pathway seems to depend primarily on the availability of adenine and adenosine. Addition of hypoxanthine and inosine affected ATP content little in either soybean axes or in animal systems (9) . In both plants and animals, inosine and hypoxanthine could be expected to influence the ATP pool (Fig. 4) as a result of their conversion first to IMP and then to AMP and GMP (8) , but the ATP pool was unaffected by these purines. These substrates appear to be taken up by the axes and metabolized to RNA (unpublished data). A more detailed study on this aspect of purine nucleotide biosynthesis as well as the de novo synthesis of purines is in progress.
Increased germination times in labeled adenine increased the incorporation of the label into acid-insoluble fraction (Table 1) . This increase indicates that the ATP derived from the exogenously supplied adenine was incorporated into an active metabolic pool. These data show that the increase in ATP by adenine treatment is caused by conversion of adenine to ATP and not by inhibition of ATP utilization. Furthermore, the rate of conversion of ATP into acid-insoluble material increased with increasing levels of ATP. Possibly this incorporation is one way by which ATP levels are regulated in germinating seeds.
As the ATP content of the axes increased, the levels of GTP and UTP also increased. As in wheat embryos (4), the increase in GTP was rougly parallel to, but not as great as that of ATP. There was some conversion of adenine nucleotides to guanosine nucleotides, which partially explains the increase in GTP in axes imbibed in high concentrations of adenine.
The accumulation of ATP during the first hours of germination is probably limited by AMP availability. This observation is based on the rapid depletion of endogenous AMP, adenine, and adenosine during the first hr of germination as well as the fact that adenine (AMP precursor) increases ATP levels. The continued increase in ATP content after the first hr of germination is probably due to de novo synthesis of AMP as well as the recycling of nucleotides from nuclease activity. The ability to accumulate adenylates during the early hours of germination is related to the vitality of the seed (1), but not necessarily to the ability to germinate, because dormant seeds also accumulate adenylates during this period of germination (5) .
The data presented show that the embryonic axis of a soybean seed has a great capacity to synthesize ATP by salvaging adenine and adenosine during the initial stages of germination. The salvage pathway is probably a major source of adenine nucleotides and probably other nucleotides during this stage of plant development. Thus it would seem that purine bases and nucleosides do act as precursors of nucleotides in seeds (2, 7) .
